Abstract: Friction stir processing (FSP) is a novel solid-phase processing technique that is derived from friction stir welding (FSW). The microstructure of the base metal can be modified with the friction heat and stir function during processing. It can be used to fabricate surface composites and in situ composites by adding reinforced particles into the metal matrix via FSP. Friction stir processing can significantly improve the hardness, wear resistance, ductility, etc., while preventing defects caused by material melting. It is an ideal material processing technology and has good prospects in the field of superplastic materials and for the preparation of metal matrix composites. This paper reviews research developments into the principle, process, and applications of FSP technology as well as its future research directions and development prospects.
Introduction
Friction stir processing (FSP) is derived from friction stir welding (FSW). It is a novel material-processing technology proposed by Mishra [1] in 1999 which was originally used in the preparation of superplastic materials. Friction stir processing and FSW have similar processes and principles. Both of them make the material undergo severe plastic deformation leading to a homogeneous refined microstructure via friction heat and stirring during processing [2] . As a solid-state processing method, there is no melting of materials during FSP. This effectively avoids defects such as porosities and thermal cracks that are generated during the melting and solidification of materials. Solid-state processing also reduces the dilution rate of materials and significantly improves the microstructure and properties of the base metal. Researchers have used FSP for material modification and the fabrication of metal matrix composites. Friction stir processing has many advantages over traditional material processing technologies especially relative to low-melting non-ferrous materials that are difficult to process. In the 20 years, FSP technology has been extensively studied and has evolved into many new application directions including superplastic materials and surface composites. This paper reviews the principles, processes, and applications of FSP technology as well as its future directions and development prospects.
Principle

Process Principle
The process principle of FSP is shown in Figure 1 . Friction stir processing can be implemented on conventional FSW machines. The base metal is processed via a non-consumable rotating tool with a pin and a shoulder. During FSP, the tool rotates at high speed and plunges into the workpiece under axial force until the shoulder contacts the surface of the workpiece leading to friction. The tool then 
Microstructure Transformation during Friction Stir Processing (FSP)
The microstructure transformation during FSP is due to thermal-mechanical effects. Similar to FSW, the processing region obtained by FSP is usually divided into a stir zone (SZ), thermo-mechanically affected zone (TMAZ), heat-affected zone (HAZ), and base metal zone (BM) [4, 5] . The SZ mainly consists of homogeneous refined equiaxed grains whose sizes are decreased several times compared to the base metal. During the FSP process, SZ experiences a high peak temperature and severe plastic deformation-this leads to microstructure evolution due to dynamic recrystallization [6] [7] [8] . The proportion of high-angle grain boundaries (HAGBs) in the processing region is increased after FSP [9] , which promotes grain boundary slippage resulting in an obvious improvement in the plasticity of the base metal [10] . A typical onion ring pattern is seen in SZ due to the flow of the plastic material layer from the front of the tool to the back of the tool. This can characterize the flow of the material [11] . The TMAZ is affected by thermal cycling and mechanical stirring where grain deformation and partial recrystallization occur. Dissolution of the precipitate phase is observed in this area [12] .
When reinforcing particles are added to the metal matrix, particle-stimulated nucleation favors the formation of grains during recrystallization. According to the Zener-Hollomon mechanism, the uniformly distributed fine particles can inhibit grain growth during the dynamic recrystallization process. This occurs via the pinning action on the grain boundaries resulting in a significant refinement of the microstructure [13] .
Process
Influence of Process Parameters
The main process parameters of FSP include the tool rotation speed, tool traverse speed, tool tilt angle, and multi-pass times. The geometry and size of the tool also have a large impact on material formation.
The rotation speed and traverse speed of the tool are the most important parameters-they can control the heat input and the flow of the plastic material during FSP. This makes a remarkable influence of the microstructure and properties of the processed material. There is more heat generation with a high rotation speed and low traverse speed-this can lead to a larger processed region [14, 15] . At a lower ratio of rotation speed to traverse speed, the heat input decreases refining the microstructure and increasing the hardness [16] [17] [18] . A lower traverse speed in multi-pass FSP can inhibit abnormal grain growth [19] . When the composites are fabricated via FSP, increased heat input and more plastic deformation are caused by the higher rotation speed or lower traverse speed [20] . These features are beneficial to the mixture of reinforced particles and the matrix. Longer heat exposure time can promote the in situ reaction resulting in more strengthening phases forming in the in situ reaction with homogeneous distribution in the matrix. All of these steps improve the properties of the composites [21] [22] [23] . In addition, the higher ratio of rotation speed to traverse speed decreases the dislocation density. As a result, the electrical conductivity of the processed copper increases [24] .
During FSW, a small tool tilt angle can form a less-defect processed region via increased axial impact loading and material flow [25] . Many FSP researchers have drawn on this concept to make the reinforced particles distribute in the matrix more uniformly [6, 12, 26, 27] . The tool tilt angle in FSP process is usually less than 5 • .
Increasing pass times and changing direction of tool rotation between the two passes can improve the plastic deformation of the processed materials. Hence, the grain refinement and improvement in materials properties are more significant [28] . Multi-pass FSP has been widely used in the production of composites. Compared with single-pass FSP, composites fabricated via multi-pass FSP have a more homogeneous strengthening phase distribution, and in situ reactions during the FSP propagate more thoroughly [29] [30] [31] [32] .
Influence of Tool Geometry
The non-consumable stir tool used in the FSP processes can be divided into two categories: tools with pins and pin-less tools ( Figure 2 ). Of these, tools with pins are used more widely, and pin-less tools are usually utilized for modifying material surfaces [33] or encapsulating reinforced particles during composite processing [17, 21, 31, [34] [35] [36] [37] [38] [39] [40] .
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The non-consumable stir tool used in the FSP processes can be divided into two categories: tools with pins and pin-less tools ( Figure 2 ). Of these, tools with pins are used more widely, and pin-less tools are usually utilized for modifying material surfaces [33] or encapsulating reinforced particles during composite processing [17, 21, 31, [34] [35] [36] [37] [38] [39] [40] . The size of the tool and the shape of the pin have a large effect on the heat production and material flow during FSP processing. When a tool with a larger shoulder diameter is used, the friction heat is more concentrated, and the material plastic deformation is more severe. This results in a stable microstructure and a better refinement of second phase particles [41] . Studies on the influence of pin profiles on heat generation during the plunge stage show that an effective tool pin area plays a key role in the friction deformation and heat production; hence, the temperature during the plunge stage is lowest with the use of a conical pin [42] .
Mahmoud et al. [34] compared the effects of four different pin shapes on SiC-reinforced composites on the Al surface ( Figure 3) . The results showed that the average size of the SiC particles was the smallest and the distribution of SiC particles was the most homogeneous in SZ with a square pin. As a result, the matrix grains in SZ were obviously finer, and the hardness of the surface composite increased markedly compared with the matrix. However, the tools with square and triangular pins wore faster than those with circular pins. The size of the tool and the shape of the pin have a large effect on the heat production and material flow during FSP processing. When a tool with a larger shoulder diameter is used, the friction heat is more concentrated, and the material plastic deformation is more severe. This results in a stable microstructure and a better refinement of second phase particles [41] . Studies on the influence of pin profiles on heat generation during the plunge stage show that an effective tool pin area plays a key role in the friction deformation and heat production; hence, the temperature during the plunge stage is lowest with the use of a conical pin [42] .
Mahmoud et al. [34] compared the effects of four different pin shapes on SiC-reinforced composites on the Al surface ( Figure 3 ). The results showed that the average size of the SiC particles was the smallest and the distribution of SiC particles was the most homogeneous in SZ with a square pin. As a result, the matrix grains in SZ were obviously finer, and the hardness of the surface composite increased markedly compared with the matrix. However, the tools with square and triangular pins wore faster than those with circular pins. 
Method of Adding Reinforced Particles
Researchers have tried many methods to add reinforced particles into the metal matrix during FSP. Mishra et al. [43] added a small amount of methanol into SiC powders, mixed them well, and then smeared the mixture on the surface of the workpiece to fabricate thin surface composites with FSP. However, the particles added in this way are easy to slip and splash during the FSP process; hence, there is an inhomogeneous distribution of the strengthening phases and a loss of material. Based on this method, pre-fabricated surface composites can be fabricated by cold spraying [44, 45] or laser melting [46] with further processing of the coating via FSP. This can improve the microstructure and the distribution of the reinforced particles to obtain surface composites with better properties.
A common method to fabricate surface composites is to pre-manufacture grooves on the surface of plates and then fill them with reinforced particles (Figure 4a) . The grooves are then capped with a pin-less tool via FSP-this prevents the particles from splashing. Subsequently, the tool with a pin is used in the multi-pass FSP process along with pre-manufactured grooves; thus, the reinforced particles are uniformly distributed with material flow [17, 21, 31, [34] [35] [36] [37] [38] [39] [40] . In addition, the surface composites with a homogeneous distribution of strengthening phases were also obtained by adding reinforced particles after drilling blind holes on the surface of the workpieces [39, 47, 48] (Figure 4b ).
Huang et al. [49] used a hollow pin-less tool in the study of in situ fabrication of Mg surface composites via FSP ( Figure 5 ). During this process, the reinforced particles were continuously added to the surface of the substrate via the feeding passage in the middle of the tool. These were wellmixed with the matrix under pressing and stirring action of the shoulder. This prevented particle splashing during the FSP process.
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A common method to fabricate surface composites is to pre-manufacture grooves on the surface of plates and then fill them with reinforced particles (Figure 4a) . The grooves are then capped with a pin-less tool via FSP-this prevents the particles from splashing. Subsequently, the tool with a pin is used in the multi-pass FSP process along with pre-manufactured grooves; thus, the reinforced particles are uniformly distributed with material flow [17, 21, 31, [34] [35] [36] [37] [38] [39] [40] . In addition, the surface composites with a homogeneous distribution of strengthening phases were also obtained by adding reinforced particles after drilling blind holes on the surface of the workpieces [39, 47, 48] (Figure 4b) .
Huang et al. [49] used a hollow pin-less tool in the study of in situ fabrication of Mg surface composites via FSP ( Figure 5 ). During this process, the reinforced particles were continuously added to the surface of the substrate via the feeding passage in the middle of the tool. These were well-mixed with the matrix under pressing and stirring action of the shoulder. This prevented particle splashing during the FSP process. 
Applications
Material Modification
Microstructure Improvement of Casting Materials
Defects such as porosity and shrinkage in the interior of the cast metal as well as a coarse, dendritic structure can make it difficult to characterize metal's properties. With FSP technology, casting defects can be eliminated and coarse dendrites can be broken. The dynamic recrystallization leads to a remarkable refinement of the grains; thus, the microstructure and properties of as-cast materials are improved.
Sekban et al. [50] obtained a 4-mm thick strengthening layer on the surface of low carbon steel via FSP, whose hardness and strength increased due to the microstructural refinement. As a result, wear resistance improved. Tinubu et al. [51] compared the wear resistance of A-286 stainless steel under rolled and aged and FSP and aged conditions. It was found that grains of A-286 stainless steel obtained by FSP processing were refined, which led to increases in microhardness and strength in the stir zone, and abrasive wear debris were smaller and decreased when compared with the rolled and aged alloy, hence the wear rate was significantly reduced. By comparison, FSP could be 
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Microstructure Improvement of Casting Materials
Sekban et al. [50] obtained a 4-mm thick strengthening layer on the surface of low carbon steel via FSP, whose hardness and strength increased due to the microstructural refinement. As a result, wear resistance improved. Tinubu et al. [51] compared the wear resistance of A-286 stainless steel under rolled and aged and FSP and aged conditions. It was found that grains of A-286 stainless steel obtained by FSP processing were refined, which led to increases in microhardness and strength in the stir zone, and abrasive wear debris were smaller and decreased when compared with the rolled and aged alloy, hence the wear rate was significantly reduced. By comparison, FSP could be considered as an effective surface engineering technique to improve the wear resistance of stainless steel.
Wang et al. [8] studied improvements in the microstructure and mechanical properties of an Mg-Zn-Y-Zr alloy via FSP. The base metal was characterized as a typical cast structure consisting of coarse grains and intergranular eutectic networks mainly composed of an I-phase. During the FSP process, coarse grains, and eutectic networks were broken into fine particles and uniformly distributed. The I-phase was converted into the W-phase. The SZ grains were significantly refined because of the dynamic recrystallization and pinning effects of the dispersed particles; hence, this system led to much better mechanical properties for the FSPed samples relative to the base metal.
Pang et al. [52] performed FSP on AA7075-T6 plates in both air and underwater environments. The grain refinement was obvious, and the Al 7 Cu 2 Fe phase (which can easily cause pitting) was broken or dissolved into the matrix during the FSP process. Thus, the processed samples had good mechanical properties and corrosion resistance. In the underwater FSP, the grain size was reduced more because of the higher cooling rate. However, rapid cooling prevented the diffusion of elements so that Zn and Cu accumulated on the surface of the plates; hence, the Cu acted as a cathode to accelerate the electrochemical corrosion of the Al matrix. Therefore, the corrosion resistance in the more aggressive environment of the underwater FSPed samples was not as good as that of samples processed by in-air FSP. This study comprehensively analyzed the effects of FSP on several different corrosion resistance of aluminum alloys and confirmed the feasibility of underwater FSP.
Preparation of Superplastic Materials
Superplasticity implies that a material has high elongation without necking when the material is stretched under specific conditions. This is generally defined as a material whose elongation is >500% can be identified as a superplastic material. It is generally believed that a grain size of less than 10 µm is a prerequisite for obtaining superplasticity [53] . Superplastic materials are easily processed into complex parts, which is important for material formation. Traditional superplastic material processing methods have complicated procedures and low production efficiency. Materials with relatively coarse grains obtained via these methods only exhibit superplasticity at higher temperatures. Superplasticity is due to the operation of the grain boundary sliding (GBS) mechanism. Therefore, the smaller the grain size, and the higher the average misorientation, usually, the larger the elongation, the higher the superplastic strain rate, the lower the flow stress, and the lower the feasible temperature for superplasticity [20, 54, 55] . Superplastic materials obtained by FSP are usually with refinement grains, which can achieve low temperature superplasticity. Some superplastic materials fabricated via FSP are listed in Table 1 .
Mishra et al. [1] utilized FSP technology to achieve high strain rate superplasticity for 7075 Al alloy. The average grain size of the FSPed 7075 Al alloy was 3.3 ± 0.4 µm, and the best superplasticity (elongation was over 1000%) was obtained at a strain rate of 1 × 10 −2 s −1 and 490 • C. This was the first application of FSP in the preparation of superplastic materials, which was of great significance in the research field of superplastic materials. At the same time, it also promoted the development of FSP technology.
Yang et al. [10] realized high strain rate superplasticity of Mg-Zn-Y-Zr alloy by FSP, and the elongation reached 1110% at 450 • C and 1 × 10 −2 s −1 . The Mg alloys have poor thermal stability; thus, it is difficult to achieve high strain rate superplasticity even if the grain size is less than 1 µm. The I-phase and the W-phase in the Mg-Zn-Y-Zr alloy can improve the thermal stability of the alloy. The microstructure of the alloy after FSP was dominated by equiaxed grains with an average grain size of 4.5 µm and a HAGBs fraction of 91%. With the stirring and crushing features of FSP, the W-phase particles were remarkably refined and uniformly distributed in the matrix. The quasicrystal I-phase with a lower eutectic temperature disappeared. The relatively large grains and uniformly distributed W-phase gave the alloy better thermal stability, and the dominant HAGBs contributed to the grain boundary sliding. Thus, this material has a high strain rate superplasticity.
Zhang et al. [56] processed Ti-6Al-4V alloy by FSP to obtain an α + β dual-phase structure. The α-phase had equiaxed grains with an average size of 0.51 µm. These were obtained via dynamic re-crystallization during FSP, and the proportion of HAGBs with random orientations was high. A small amount of β-phase was distributed at the grain boundaries of the α-phase-this β-phase had a "lubricating" function and improved grain boundary sliding giving the alloy low temperature superplasticity. The elongation of most tensile specimens tested under different conditions exceeded 400%, and the maximum elongation was 1130% at 600 • C; the strain rate was 3 × 10 −4 s −1 . The successful fabrication of low temperature superplastic materials had far-reaching effects on the application of titanium alloy superplastic materials. 
Fabrication of Metal Matrix Composites
Fabrication of Surface Composites via Reinforced Particles
Metal matrix composites have high hardness, high strength, high modulus of elasticity, etc. To improve the surface properties of these materials, surface composites are often fabricated by techniques such as laser cladding and plasma spraying. However, these methods all involve material melting-usually accompanied by defects such as porosity and hot cracking. The reinforcing particles are easily burned at high temperature. Grains and the second phases in the coating structure are relatively coarse. Using FSP technology, surface nanocomposites with a uniformly distributed strengthening phase can be obtained under solid-state conditions. This effectively avoids burning of the strengthening phase and the formation of harmful phases. There are many kinds of reinforced particles commonly added to the FSP process including SiC [13, 43] , B 4 C [39, 47, 48] , GNPs [30] , CNTs [37] , and Al 2 O 3 [45] , etc., shown in Table 2 .
Mishra et al. [43] smeared a layer of SiC powder on the surface of 5083 Al alloy plate and obtained Al/SiC composite coatings of 50-200 µm via FSP. The surface composite layers were well bonded to the substrate and their hardness was doubled compared to the substrate. This work demonstrated the feasibility of FSP in the fabrication of surface composites. However, the process of adding reinforcing particles by smearing was not mature enough and was gradually replaced by other processes.
Khodabakhshi et al. [13] applied a multi-pass FSP to fabricate ultra-fine-grained Al-Mg-SiC nanocomposites. The SZ microstructure was fine equiaxed recrystallized grains, and the SiC particles were homogeneously distributed in the matrix and bonded well with the matrix. Due to the particle-stimulated nucleation and the Zener-Hollomon mechanism during dynamic recrystallization, the average grain size decreased from 6.3 to 1.4 µm, and the dislocation density increased. As a result, the hardness of the composite increased from 51.5 to 123 HV compared with the base metal. For slight changes in plasticity, the yield strength and ultimate tensile strength were remarkably improved, and the fracture mechanisms were shown as a combined ductile-brittle fracture behavior. Further study indicated that the grain boundary strengthening was the main strengthening mechanism of this nanocomposite. The performance of the surface composites prepared by the FSP technique was more excellent and the process was more mature.
Reddy et al. [47] fabricated a B 4 C-reinforced composite coating on the surface of a Ti-6Al-4V alloy plate via FSP. The wear resistance improved over 134 times compared with the base metal, but the hardness of the coating was only doubled. This was even better than mild steel and austenitic stainless steel. The presence of hard B 4 C particles greatly reduced the direct wear of the matrix; hence, the wear mechanism transformed from abrasion to adhesion, and the average friction coefficient was reduced from 0.20 to 0.06. But the process of adding reinforced particles through blind holes was relatively cumbersome and had not been extended to more applications. The saturation magnetization of the AA1050/Fe was higher than that of the AA1050/Fe3O4.
Mahmoud et al. [70] Al-Mg GNPs groove
The main strengthening mechanism was the coefficient of thermal expansion (CTE) mismatch strengthening.
Khodabakhshi et al. [30] Al-Mg SiC groove The main strengthening mechanism was the grain boundary strengthening.
Khodabakhshi et al. [13] AZ31 Yang et al. [45] Ti-6Al-4V Zn holes
The surface nanocomposite has great mechanical properties and biocompatibility.
Zhu et al. [75] Al AlSi10Mg selective laser melting FSP could be used to improve the microstructure and reduce porosity. Maamoun et al. [46] Hosseini et al. [37] used an Al5083 alloy as the matrix material, CeO 2 and carbon nanotubes (CNTs) as the strengthening phase, and obtained the surface hybrid composites via multi-pass FSP. Many CeO 2 /Al5083, CNTs/Al5083, and CeO 2 /CNTs/Al5083 composite modes were evaluated by changing the volume ratio of CeO 2 and CNTs. The results showed that the performance of several different proportions of surface composites was significantly improved. The impact of CNTs on the strength of the matrix was larger than that of CeO 2 . The tensile strength increased with increasing volume fraction of CNTs. When the ratio of CNTs to CeO 2 was 75:25, the hybrid composite had the best performance: The ultimate tensile strength reached 396 MPa, and the hardness was 173 VHN. These were 42% and 118% higher than that of the base metal. And the addition of CeO 2 could improve the pitting resistance considering the corrosion performance. However, CNTs as a cathode in the corrosion galvanic cell reduced the corrosion resistance of the Al matrix. As we have seen, more and more reinforced particles were used in FSPed surface composites.
Fabrication of In Situ Composites
The concept of in situ composition is derived from in situ crystallization and in situ polymerization. The strengthening phases were obtained from the in situ reaction during material formation rather than direct addition from the outside world. Therefore, compared with the conventional composite material, the second phases of the in situ composites can achieve a smaller size and a more uniform distribution. This makes it easier to add nanometer-sized strengthening phases into the matrix. They also offer better interfacial bonding with the matrix because the second phases are directly generated in the matrix via an in situ reaction [76] . As a solid-phase material processing method, FSP is a reliable technology for fabricating in situ composites. Severe plastic deformation of the matrix material during FSP causes the constituent phases to mix and refine; the frictional heat and the deformation heat increase the reaction temperature to promote the formation of intermetallic compounds. Existing in situ composite combinations obtained via FSP include Al-Cu [77] , Al-Ti [78] , Al-Ni [23, 78] , Al-Nb [31] , Al-CuO [79] , and Al-Mg-CuO [80] , etc., shown in Table 3 .
Hsu et al. [77] used FSP to produce ultrafine-grained Al-Al 2 Cu in situ composites considering the hot processing properties of FSP. The 85% pure Al and 15% pure Cu powders were mixed and cold compacted to a billet. After sintering and FSP, the Cu was completely reacted to form Al 2 Cu that was uniformly distributed in the Al matrix. The SZ grains were refined to 1-2 µm, and the composites exhibited a high Young's modulus and good compressive properties. This study successfully applied FSP to the fabrication of in situ composites, which was important for the application of FSP in fabrication of composites.
You et al. [79] fabricated Al-CuO in situ composites with a similar process, and two strengthening phases of Al 2 O 3 and Al 2 Cu 3 were produced in the FSP process. In the previous study, some Al 2 Cu 3 particles were generated during the sintering process and refined to a micron size via the crushing action of FSP. Here, CuO was partially reduced to Cu 2 O after sintering, and Al 2 Cu 3 particles with an average size of 100 nm were all formed in the FSP process. This can better strengthen the composite. The reaction simultaneously produced amorphous Al 2 O 3 nanoparticles distributed in the matrix in the form of clusters. Compared with previous work, the process in this study was more suitable for the processing of in situ composites.
Zeidabadi et al. [31] studied the effect of Nb content and FSP pass number on the microstructure and properties of Al-Nb in situ composites. During the FSP process, finer Nb particles could react with the Al matrix to form the Al 3 Nb; for coarser Nb particles, the Al-Nb reaction could only occur on its surface and form an Al 3 Nb shell to prevent continued propagation of the reaction. Some of the coarse Nb particles would be smashed during the plastic deformation process and transform into smaller round intermetallic particles. As the pass number increased, a high strain rate and severe plastic deformation produced more deformation heat and accumulated strains leading to a fuller in situ reaction. The Al 3 Nb distributed more homogeneously in the matrix. This helped improve the hardness and tensile strength. The performance test results showed that a higher Nb powder content led to better mechanical properties for the composites. The study used FSP technology to directly prepare in situ composite materials, eliminating the need for cold compacting and sintering processes, making it more convenient and energy efficient. 
Summary and Outlook
As a novel material-processing technology, FSP has great application value in modification of materials and surface composite fabrication due to its special solid-phase processing mechanism. Compared with traditional composites processing methods, FSP has unique advantages and can be widely applied in the future. The feasibility of FSP has been demonstrated extensively via experiments, but the current process is not sufficiently mature. The next steps in FSP research include improving the process and solving practical application problems. The following problems need to be solved to achieve broad FSP applications:
•
More complete theoretical support and process standards are needed. Most fabrications are only in the feasibility stage. Practical applications require a stable and reliable process. Mathematical physics models can explain the mechanism of FSP, and the use of parameter optimization systems can help us formulate suitable processes.
The process of composite fabrication should be improved. It is difficult to obtain complete and uniform composite materials through existing reinforcement phase addition methods-regardless of fabricating surface composites or bulk composites. These processes are too cumbersome to practically deploy.
The wear of stir tools also limits industrial applications of FSP. Although the tools used in FSP are, in principle, non-consumable, they do experience severe wear during this process. Frequent tool replacement not only affects efficiency but also increases production costs. When processing materials have high melting points or high hardness, it is necessary to face high-temperature wear problems; conventional steel tools are difficult to meet the requirements of this application. How to improve the high-temperature wear resistance of the stir tools is a key issue.
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